Isoprenoids and their derivatives represent the largest group of organic compounds in nature and are distributed universally in the three domains of life. Isoprenoids are biosynthesized from isoprenyl diphosphate units, generated by two distinctive biosynthetic pathways: mevalonate pathway and methylerthritol 4-phosphate pathway. Archaea and eukaryotes exclusively have the former pathway, while most bacteria have the latter. Some bacteria, however, are known to possess the mevalonate pathway genes. Understanding the evolutionary history of these two isoprenoid biosynthesis pathways in each domain of life is critical since isoprenoids are so interweaved in the architecture of life that they would have had indispensable roles in the early evolution of life. Our study provides a detailed phylogenetic analysis of enzymes involved in the mevalonate pathway and sheds new light on its evolutionary history. The results suggest that a potential mevalonate pathway is present in the recently discovered superphylum Candidate Phyla Radiation (CPR), and further suggest a strong evolutionary relationship exists between archaea and CPR. Interestingly, CPR harbors the characteristics of both the bacterial-type and archaeal-type mevalonate pathways and may retain signatures regarding the ancestral isoprenoid biosynthesis pathway in the last universal common ancestor. Our study supports the ancient origin of the mevalonate pathway in the three domains of life as previously inferred, but concludes that the evolution of the mevalonate pathway was more complex.
Introduction
Isoprenoids are the largest family of organic compounds in nature, encompassing over 65,000 compounds (Buckingham 2007) and have diverse roles in all organisms from single-celled bacteria and archaea to multicellular eukaryotes. Examples include quinones in electron transport chains, lipids in cell membranes, cell-signaling agents, hormones, and defense compounds (Gershenzon and Dudareva 2007; Crowell and Huizinga 2009; Santner et al. 2009; Nowicka and Kruk 2010; Jain et al. 2014) . The biosynthesis of any isoprenoid starts from successive condensations of only two building blocks: isopentenyl diphosphate (IPP) and its isomer dimethyallyl diphosphate (DMAPP). IPP and DMAPP are in turn derived via two distinctive pathways: the mevalonate (MVA) pathway and the methylerythritol 4-phosphate (MEP) pathway (P erez-Gil and Rodr ıguez-Concepci on 2013) ( fig. 1 for MVA pathway and supplementary fig. 1 for MEP pathway, Supplementary Material online). Archaea and eukaryotes are known to possess the MVA pathway. In contrast, most bacteria have the MEP pathway, although some bacteria do harbor the MVA pathway. Photosynthetic eukaryotes are known to have both the MVA and the MEP pathways, and the MEP pathway is inferred to have originated from an ancestral MEP pathway within a symbiotic cyanobacteria that interacted with early eukaryotes (Lichtenthaler 1999) .
The known MVA pathways are composed of seven or eight enzymes that combine three molecules of acetyl-CoA and eventually generate IPP ( fig. 1 ). The first enzyme, acetoacetyl-CoA thiolase (AACT), is not specific to the biosynthesis of isoprenoid, but the other six or seven enzymes are dedicated to the MVA pathway. The MVA pathway is wellconserved in the domain Eukaryotes. The MVA pathway in bacteria is mostly homologous to the eukaryotic MVA pathway, while only Chloroflexi harbors an archaeal-type MVA pathway. The MVA pathways discovered in archaea so far have three variations ( fig. 1 ). Sulfolobales has the eukaryotictype MVA pathway (Nishimura et al. 2013) . In contrast, halobacteria (a known archaeal group) have a modified version of the MVA pathway. In eukaryotes, the reaction steps from mevalonate 5-phosphate to IPP proceeds in the order of phosphorylation and decarboxylation catalyzed by phosphomevalonate kinase (PMVK) and diphosphomevalonate decarboxylase (DPMD), respectively (DPMD route; fig. 1 ). In contrast, halobacterial MVA pathway proceeds via decarboxylation and then phosphorylation catalyzed by mevalonate phosphate decarboxylase (MPD) and by isopentenyl phosphate kinase (IPK), respectively (MPD route). Interestingly, the MPD and IPK steps in halobacteria are in the reverse reaction order as the PMVK and DPMD steps from eukaryotes. The MPD route is currently only confirmed in halobacteria and chloroflexi (Dellas et al. 2013; VanNice et al. 2014) . Chloroflexi are the only organisms known to possess an archaeal-type MVA pathway outside the domain Archaea. Furthermore, another modified MVA pathway has been discovered in the order Thermoplasmata (Azami et al. 2014; Vinokur et al. 2014 Vinokur et al. , 2016 Rossoni et al. 2015) . Species in this order do not use any of MVK, PMVK, and DPMD, but instead utilize three novel enzymes. Mevalonate 3-kinase (M3K) and mevalonate 3-phosphate kinase (M3PK) catalyze stepwise mevalonate phosphorylations and then mevalonate 3,5-bisphosphate decarboxylase (MBD) produces isopentenyl phosphate (M3K route; fig. 1 ). Isopentenyl phosphate is transformed into IPP by IPK as is the case for the MPD route in halobacteria. Outside halobacteria, thermoplasmata and sulfolobales, no homologs of PMVK, DPMD, MPD, M3K, M3PK, and MBD have been discovered in archaea so far, even though most archaea are still inferred to have a similar MVA pathway because they universally possess other necessary enzymes (AACT, HMGS, HMGR, MVK, and IPK).
The third step and the last step of the MVA pathway are each composed of two different enzymes (Type-I and Type-II HMGR and IDI; fig. 1 ). Both types are functionally equivalent and they display a complex distribution among organisms depending on genus or even species. In general, Type-I HMGR (HMGR-I) is found more in archaea and eukaryotes, whereas Type-II HMGR (HMGR-II) is typical of bacteria. In addition, Type-I IDI (IDI-I) is common in bacteria and eukaryotes, while Type-II IDI (IDI-II) is found in bacteria and archaea (Lombard and Moreira 2011) . Interestingly, three enzymes of the bacterial/eukaryotic MVA pathway (MVK, PMVK, and DPMD) and three enzymes in the archaeal MVA pathway (MPD, M3K, and MBD) are all distantly related to each other and belong to the GHMP protein superfamily ( fig. 1) (Romanowski et al. 2002; Yang et al. 2002; Krepkiy and Miziorko 2004; Dellas et al. 2013; Azami et al. 2014; Vinokur et al. 2016) . Furthermore, 4-(cytidine 5 0 -diphospho)-2-C-methylerythritol kinase (CMK) in the MEP pathway in bacteria is also included in the GHMP superfamily (supplementary fig. 1 , Supplementary Material online) (Miallau et al. 2003) . Therefore, it is implied that these GHMP family proteins (MVK, PMVK, DPMD, MPD, M3K, MBD, and CMK) involved in the isoprenoid biosynthesis share a common ancestor. Similarly, the first two enzymes of the MVA pathway (AACT and HMGS) are evolutionary related to each other (thiolase family) (Jiang et al. 2008 ) and two types of HMGR (I and II) are also distant homologs to each other ( fig. 1) .
A previous phylogenetic study argued that the MVA pathway in the three domains of life was vertically inherited from the last universal common ancestor (LUCA), respectively, but in most bacteria the MVA pathway was later replaced with the MEP pathway (Lombard and Moreira 2011) . This inference was based on the presence of three distinct clades seen in phylogenies inferred for each individual enzyme of the MVA pathway. However, the punctate distribution of the MVA pathway in the bacterial domain renders this argument inconclusive.
In our current study, the distribution of the MVA pathway from the three domains of life is re-examined using currently available sequences from public databases and an integrated approach toward phylogenetics (Gaucher et al. , 2004 West et al. 2002) . There is no comprehensive phylogenetic study that discusses newly discovered MVA enzymes (MPD, M3K, MBD) in detail. In addition, the potential ability to produce isoprenoids in a recently discovered superphylum called Candidate Phyla Radiation (CPR) has been suggested and the evolutionary link between CPR to bacteria and archaea has garnered attention (Brown et al. 2015; Castelle and Banfield 2018) .
Our study suggests that CPR possesses a potential MVA pathway that is homologous to the bacterial/eukaryotic MVA pathway. CPR is possibly a basal member of bacteria and our observation supports the presence of the MVA pathway in the common ancestor of bacteria and CPR. However, CPR is also found to possess additional MVA enzymes that are otherwise only distributed in the archaeal domain and dedicated to the archaeal MVA pathway. MVA enzymes in CPR always cluster close to archaeal sequences and are thus inferred to share a common ancestor. CPR bears the characteristics of both the bacterial/eukaryotic pathway and the archaeal MVA pathway, and provides unique insights into the evolutionary relationship of these two MVA pathways.
Isoprenoids are ubiquitous components of cell membranes in all three domains of life without exception and the evolution of isoprenoids could potentially be as old as the origin of the cell membrane itself. A more precise understanding of isoprenoid biosynthesis evolution could provide beneficial information about the composition of ancestral cell membranes at or even before the era of LUCA, which ultimately could give us clues to the origin of cellular life.
Results and Discussion
Distribution of MVA Pathway in Bacteria, Archaea, and CPR The distribution of 13 MVA enzymes (AACT, HMGS, HMGR-I/II, MVK, PMVK, DPMD, MPD, M3K, MBD, IPK, and IDI-I/II) was examined for bacteria, archaea and the newly discovered superphylum CPR ( fig. 2 ) (see Materials and Methods for the details of data selection). Although CPR is considered a basal member of bacteria, it has distinct characteristics from other bacteria and is separately discussed in our current study.
Bacteria
Bacteria that have three or more enzymes of the MVA pathway are found in 20 out of 62 bacterial phyla (supplementary fig. 2 for the detailed distribution pattern; Supplementary Material online). Out of these 20, 11 have only a limited number of species that possess MVA enzymes, suggesting a sparse distribution. Thus, genes encoding MVA enzymes (MVA genes hereafter) in these bacterial phyla are likely to be derived by horizontal gene transfer (HGT) from outside these phyla. Besides the inferred HGT-derived MVA genes, most bacterial MVA genes are found in Spirochaetes, dProteobacteria, c-Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes, and Chloroflexi. Even for these phyla, MVA gene-carrying species never occupy a majority of the phylum but rather contain the MEP pathway in a ubiquitous manner.
Apart from Chloroflexi and Bacteroidetes, bacterial phyla broadly share a common tree topology and thus are inferred to have a common evolutionary history (figs. 3 and 4). The close evolutionary relationship of MVA genes among bacteria is also implied by the synteny of MVA genes. Most bacterial species, except for chloroflexi, form a gene cluster that includes most MVA genes ( fig. 2) . Hence, MVA genes are inferred to have been transmitted in bacteria as a syntenic set. The observed tree topologies of MVA genes in the bacterial clade, however, only partially match recently published species trees (e.g., monophyly of Firmicutes and Actinobacteria; figs. 3 and 4 and supplementary figs. 7 and 12, Supplementary Material online) (Toft and Andersson 2010; Raymann et al. 2015; Hug et al. 2016) . In most MVA trees, Terrabacteria (Firmicutes and Actinobacteria) is the most derived clade, which conversely is the earliestOn the Origin of Isoprenoid Biosynthesis . doi:10.1093/molbev/msy120 branching clade in all species trees. Additionally, the distribution of MVA genes in bacteria is mostly limited to the mostderived class/order in the given phylum. Even though the possibility of vertical transmittance of MVA genes in the bacterial domain is not excluded, the very limited distribution of MVA genes in discrete bacterial taxa more strongly suggests HGT as a major driving force for the dissemination of MVA genes in bacteria. Nearly each bacterial phylum forms its own separate monophyletic clade in all MVA trees, thus such HGT events would have been relatively early in the bacterial evolution. Likewise, a horizontal origin of eukaryotic MVA genes is suggested since the eukaryotic clade mostly clusters with bacteria and CPR (figs. 3 and 4 and supplementary figs. 7 and 11, Supplementary Material online), except for the unresolved HMGR-I tree (supplementary fig. 6 , Supplementary Material online). This is not consistent with the general consensus that eukaryotes are more closely related to archaea (Eme et al. 2017 ). In addition, since only a small number of a-proteobacteria (none from the closest relatives of mitochondria, Rickettsiales and Pelagibacterales) possess the MVA pathway, a mitochondrial origin of the eukaryotic MVA pathway is unlikely. Therefore, MVA genes in eukaryotes are inferred to be horizontally derived from the bacterial domain, contrary to the previous inference that the eukaryotic MVA pathway originated in LUCA (Lombard and Moreira 2011) .
Compared with other bacteria, the phylogenetic position of Bacteroidetes is not consistent for each MVA enzyme tree. This may be due to its high divergence rate relative to other bacteria (figs. 3 and 4) and reflected in the fact that some MVA homologs had not been discovered in this phylum until very recently (MVK and PMVK; Hayakawa et al. 2017) . Similarly, there is a group of bacteria carrying MVA enzymes that occupy varying phylogenetic positions (asterisks; figs. 3 and 4 and supplementary figs. 6 and 12, Supplementary Material online). Bacteria in this group always form a single clade, but are composed of several discrete phyla (e.g., cproteobacteria, Verrucomicrobia and Lentisphaerae). Hence, MVA genes in this group are inferred to have a single origin, but have been horizontally transferred. In MVK and PMVK trees, this group diverges from CPR independently from other Shih et al. 2017) . This clade forms a sister clade to other chloroflexi in which the MVA pathway is ubiquitous. Therefore, Chloroflexi is made up of the MVA clade and the MEP clade. It is not clear which pathway was present in the common ancestor of Chloroflexi, but in either case the acquisition of the other isoprenoid biosynthesis pathway may have been a critical event for the diversification of Chloroflexi.
In general, bacterial species that possess the MVA pathway lack the MEP pathway and vice versa. Hence, these two pathways are exclusive to each other. Exceptions are seen in Firmicutes and Actinobacteria as MVA-gene carrying species in these groups also have MEP genes (Begley et al. 2004; Dairi 2005) . It has been suggested that in these species the MEP pathway is mainly devoted to the production of primary metabolites, whereas the MVA pathway is linked to the secondary metabolite biosynthesis (Dairi 2013 ). In our current study, the MEP pathway is confirmed in virtually all bacterial phyla that contain at least one sequenced genome (58 out of 59 phyla; data not shown), a sharp contrast to the limited distribution of the MVA pathway in bacteria. The only exception to this observation is the phylum Dependentiae which completely lacks the MEP pathway and instead solely has the MVA pathway (TM6; Yeoh et al. 2016) . Interestingly, some MVA enzymes from this phylum cluster with homologs from the superphylum CPR. This is consistent with the possibility of a close evolutionary relationship between Dependentiae and CPR.
Archaea
Archaea have been inferred to possess an alternative MVA pathway utilizing MPD and IPK as seen in chloroflexi instead of using the PMVK and DPMD enzymes from the bacterial/ eukaryotic MVA pathway ( fig. 1 ) (Dellas et al. 2013 ). The early-step MVA enzymes (AACT, HMGS, and HMGR) and the last-step MVA enzyme (IPK) are universally distributed in archaea, while the middle-step enzymes (GHMP proteins) are largely absent, except for MVK ( fig. 2 ). MPD homologs have only been discovered in Halobacteria (an archaeal class) and Thermoplasmata. Thus, the isoprenoid biosynthesis pathway in most archaea is still not fully understood. The sole exception to the above observations is the order Sulfolobales that has the bacterial/eukaryotic MVA pathway (Nishimura et al. 2013) . Our current study confirmed the limited distribution of MPD, with a few exceptions. Thermoplasmata and a few Micarchaeota species from the DPANN group are found to possess two distinctive groups of MPD homologs within the archaeal clade (M3K and MBD; fig. 4 ). Each group contains proteins that are recently confirmed to be involved in the third route of the MVA pathway (M3K route) (Azami et al. 2014; Vinokur et al. 2016) . The presence of two divergent groups within the archaeal clade may suggest the gene duplication of an ancestral MPD and a subsequent neofunctionalization in a common ancestor of Thermoplasmata, accompanied with the modification of their MVA pathway. The occurrence of M3K and MBD homologs is limited to Thermoplasmata and a few Micarchaeota species. Thus, the M3K route is inferred to be specific to these archaeal taxa. Indeed, gene transfers between Thermoplasmata and Micarchaeota have recently been suggested (Chen et al. 2018) . Thermoplasmata additionally possesses a few more MPD homologs, but their function is not yet known (see Supplementary Material online). The MVA gene set in the DPANN group varies depending on species. In our current study, MVA enzymes were uncovered in three DPANN phyla (Micarchaeota, Aenigmarchaeota, and Diapherotrites). In Micarcheaota, besides the species that have M3K, MBD, and IPK genes (M3K route), there are a few other species that possess MVK, PMVK, and DPMD genes (DPMD route), which was previously only known to Sulfolobales in the archaeal domain ( fig. 4) . Species in the other two DPANN phyla mostly only have MVK and IPK similar to the majority of archaea. The DPANN group represents a deep-branching clade of archaea, although its taxonomical position is still debated as its symbiotic lifestyle and accompanying fast gene divergence rate may cause an artifactual deep-branching position (Adam et al. 2017) . The phylogenetic positions of MVA enzymes from DPANN archaea are not consistent. For the first three enzymes (AACT, HMGS, and HMGR), all DPANN archaea form a monophyletic clade and cluster together with other archaea ( fig. 3 and supplementary figs. 3 , 5, and 7, Supplementary Material online). Hence, the archaeal common ancestor is inferred to have possessed these three MVA enzymes. For the fourth enzyme in the pathway (MVK), DPANN archaea do not cluster with other archaea (fig. 4) . However, considering the universal distribution of MVK in all archaea, MVK could also have been present in the archaeal common ancestor. In contrast, other GHMP enzymes (PMVK and DPMD) involved in the latter part of the MVA pathway are largely absent (Aenigmarchaeota, Diapherotrites, and most Micarchaeota species) or grouped among the bacterial/eukaryotic clade (a few Micarchaeota species) (fig. 4) . Thus, GHMP enzymes in Micarchaeota, except for MVK, are most likely to be attributed to HGT. However, PMVK and DPMD from Micarchaeota cluster together with homologs from Sulfolobales at the root of the eukaryotic clade and thus suggests that the gene transfer to Micarchaeota occurred during the early evolution of eukaryotes. In contrast to the variations in MVA pathways observed for Micarchaeota, archaea from the other two DPANN phyla mostly have the identical set of MVA genes as seen in archaea. The ubiquity of the archaeal-type MVA pathway in the entire archaeal domain suggests the presence of this type of pathway in the archaeal common ancestor.
A few DPANN archaea are also found to possess enzymes from the MEP pathway that are otherwise completely missing from the archaeal domain. The phylogenetic tree of one MEP enzyme suggests that the DPANN group forms a monophyletic clade along with CPR and FCB group bacteria (supplementary fig. 14, Supplementary Material online) . In addition, the distribution of MEP enzymes is sparse in the DPANN group. Hence, the MEP enzymes in this group are likely to be attributed to HGT from FCB group bacteria (see Supplementary Material online for a more detailed analysis).
Candidate Phyla Radiation
In our current study, the recently proposed superphylum CPR is found to possess all necessary homologs of MVA enzymes involved in the bacterial/eukaryotic MVA pathway (AACT, HMGS, HMGR-I, MVK, PMVK, DPMD, and IDI-I; fig. 2 ). Most MVA enzymes in CPR form a distinct monophyletic clade separate from the three domains of life. The only exception to this observation is for IDI-I. The IDI-I tree is not well separated between bacteria, CPR, and archaea (supplementary fig. 11 , Supplementary Material online). CPR is taxonomically divided into two major groups: microgenomates (previously known as OP11) and parcubacteria (OD1) (Rinke et al. 2013; Brown et al. 2015) . The majority of microgenomates possess MVA enzymes, whereas only a few parcubacterial phyla possess them. Phylogenies of the early-step MVA enzymes (AACT, HMGS, and HMGR-I) are congruent with the suggested species relationship of CPR (Hug et al. 2016) . Phylogenies of the later-step MVA enzymes (MVK, PMVK, DPMD, and IDI-I) is less congruent with the species tree, but CPR mostly form a monophyletic clade for each enzyme, and the distribution of the later-step MVA enzymes in CPR is exactly the same as that of the early-step MVA enzymes in CPR. Thus, it is inferred that all MVA enzymes existed in the common ancestor of CPR. Although the distribution of MVA enzymes in parcubacteria is very limited, several basal parcubacteria (e.g., peregrinibacteria, dojkabacteria) do possess MVA enzymes. Thus, the loss of MVA genes at an early stage of the parcubacteria evolution is inferred. In addition, the first two MVA enzymes (AACT and HMGS) from the bacterial phylum Dependentiae cluster together with CPR homologs. Correspondingly, this bacterial phylum has been suggested to form a sister clade to the CPR superphylum (Brown et al. 2015; Yeoh et al. 2016) . However, this is not observed in other MVA enzyme trees. Additional molecular data may provide more insight.
The tree topology of CPR, bacteria, and archaea observed in the MVA enzyme trees matches the species relationship of the domains Bacteria and Archaea (figs. 3 and 4). In most MVA trees, CPR occupies the basal position of the bacterial domain as predicted from the species relationship of CPR and bacteria, except for the unresolved HMGR-I and IDI-I trees (Hug et al. 2016) . Therefore, the bacterial common ancestor is inferred to have possessed the bacterial/eukaryotic MVA pathway. As discussed earlier, it is not clear if MVA genes are vertically inherited within bacteria, but in any case, the origin of bacterial MVA genes seems to be within the bacterial/CPR clade. Further, some MVA enzymes found in CPR have a close relationship to those in archaea (Archaeal AACT, HMGS, HMGR, and MVK) (figs. 3 and 4 and supplementary fig. 6 , Supplementary Material online). This suggests that the common ancestor of CPR and archaea, or LUCA, may have had those MVA enzymes.
Interestingly, there are differences between the set of MVA genes in CPR and those in bacteria. In addition to having the MVA genes involved in the bacterial/eukaryotic MVA pathway, CPR is also found to possess two MVA genes involved in the archaeal MVA pathway: archaeal AACT and IPK ( fig. 2 ). These genes have only been observed in archaea and chloroflexi, in addition to CPR. Hence, CPR bears the characteristics of both the bacterial/eukaryotic and archaeal MVA pathways. For instance, thiolase II (which is universally distributed in bacteria/eukaryotes) is replaced by the archaeal AACT in CPR ( fig. 2 ). In the other instance, the archaeal IPK homolog On the Origin of Isoprenoid Biosynthesis . doi:10.1093/molbev/msy120 is observed in CPR but its presence seems to be irrespective of other MVA genes for these species. Nevertheless, the IPK gene mostly has a syntenic relationship with other MVA genes in the CPR species that possess both the IPK gene and other MVA genes ( fig. 2) . Even in CPR species that lack most MVA genes, the IPK gene is typically syntenic with the IDI-I gene that encodes an enzyme to isomerize one product of the MVA pathway into the other product of the pathway (IPP and DMAPP; fig. 1 ). Additionally, the distribution of the IPK gene in CPR is mostly limited to the microgenomate group as is the case for the distribution of other MVA genes in CPR. In the IPK tree, most homologs in CPR cluster separately from those in archaea ( fig. 5) , and thus it is inferred that the IPK gene was present in the common ancestor of CPR and archaea (LUCA), and is thus not attributed to a recent HGT from archaea.
MVA genes in CPR further displays a characteristic syntenic relationship with isoprenyl diphosphate synthase (IPPS) genes, which is not observed in bacteria. IPPS is involved in the isoprenoid chain elongation following the MVA/MEP pathway, condensing two end-products of the MVA/MEP pathway (IPP and DMAPP; fig. 1 ). There are two types of IPPS, depending on the stereochemistry of the reaction product: trans-IPPS and cis-IPPS (Liang et al. 2002) . These two types of IPPS do not have a sequence/structural similarity to each other and have different evolutionary origins. trans-IPPS is essential for the biosynthesis of many primary metabolites such as quinones and hemes in the three domains of life (Nowicka and Kruk 2010; Hederstedt 2012 ) and of archaeal membrane lipids (Jain et al. 2014) . Meanwhile, cis-IPPS plays a critical role in the N-glycosylation in the three domains of life (Jones et al. 2009 ). MVA genes in CPR typically form a syntenic cluster with the cis-IPPS gene ( fig. 2) . Meanwhile, archaeal MVA genes are commonly syntenic with the trans-IPPS gene ( fig. 2 ). This could reflect a connection between the MVA pathway and the biosynthesis of isoprenyl lipid membranes unique to the archaeal domain. In contrast, no synteny is observed between trans/cis-IPPS genes and MVA genes in bacteria. Instead, both trans-and cis-IPPS genes in bacteria are commonly syntenic with MEP genes. This is in contrast to the connection between IPPS genes and MVA genes for CPR. The MEP pathway is sparsely distributed in CPR (supplementary fig. 14, Supplementary Material online) and it is not clear whether the MEP pathway was present in the common ancestor of CPR or not (see Supplementary Material online for a more detailed analysis). In either case, the connection between IPPS and MEP genes in bacteria is inferred to have been established after the divergence of bacteria from CPR.
Evolution of MVA Enzymes
As discussed earlier, the bacterial/eukaryotic-type MVA pathway and the archaeal-type MVA pathway are inferred to be present in the common ancestor of bacteria/CPR and of archaea, respectively. However, CPR possesses MVA enzymes of both pathways and provides unique information about the composition of the ancestral MVA pathway present in LUCA. One possible evolutionary history of individual MVA enzymes and a hypothetical MVA gene set in LUCA is presented below (fig. 6 ).
Thiolase Family (AACT and HMGS)
The first two enzymes of the MVA pathway, AACT and HMGS, are distantly related to each other (Jiang et al. 2008 ), yet both belong to the thiolase family that is distributed universally among the three domains of life. For both AACT and HMGS, the archaeal/CPR clade and the bacterial/eukaryotic clade are distant from each other, respectively ( fig. 3 and  supplementary fig. 4, Supplementary Material online) . Although MVA enzymes in CPR and bacteria are inferred to share a common ancestor, there is a substantial divergence between CPR and bacteria for both AACT and HMGS. Some HMGS homologs from Halobacteria and Thaumarchaeota cluster near the bacterial clade. This may be due to a substantial amount of gene transfer from bacteria to these archaea (Nelson-Sathi et al. 2012; Wagner et al. 2017) . Within the CPR clade and the early-branching archaeal clades, the tree topology is consistent with the proposed species tree of CPR and archaea. Archaeal species typically have multiple AACT homologs and they form several distinct clades (Other AACT homologs; fig. 3 ). These clades sometimes contain proteins from bacteria and eukaryotes, including those that are known as sterol carrier proteins (SCP-X; Peret o et al. 2005). These nonarchaeal homologs cluster among archaeal homologs and are generally divergent relative to nearby archaeal homologs. Therefore, these nonarchaeal homologs are inferred to be derived from individual HGT events originated from archaea. The function of AACT homologs outside the earlybranching archaeal clades is largely unknown, but many of them lack the conserved catalytic motif (CH motif; Jiang et al. 2008) and thus possibly have different functions (see Supplementary Material online for a more detailed discussion).
In contrast to archaea and CPR, AACT homologs in eukaryotes and bacteria (thiolase II) do not follow the species relationship of eukaryotes and bacteria (supplementary fig. 4 , Supplementary Material online). Thiolase II is universally distributed in bacteria, regardless of the presence of the MVA pathway (data not shown). Eukaryotic thiolase II seems to have been transferred from bacteria multiple times independently. In addition, some archaea possess thiolase II homologs, but they cluster among bacterial homologs (supplementary fig. 4, Supplementary Material online) . Thus, it is inferred that thiolase II evolved in the bacterial domain irrelevant to isoprenoid biosynthesis. Indeed, thiolase II is not specific to the isoprenoid synthesis in bacteria and is also involved in other biosynthetic pathways such as hydroxybutyric acid synthesis (Peret o et al. 2005) . No syntenic relationship between the thiolase II gene and MVA genes exists in most bacteria and this also points to a different origin of the thiolase II gene from MVA genes in bacteria ( fig. 2) .
Consequently, the common ancestor of archaea and CPR, or LUCA, could have had the archaeal AACT gene and the HMGS gene based on the universal distribution of these genes in both CPR and archaea and the tree topologies consistent with the species tree ( fig. 6 ). In contrast, thiolase II probably has a different origin in the bacterial domain after the divergence from CPR and it would have functionally replaced archaeal AACT.
HMGR Family (HMGR-I and II) and IDI Enzymes (IDI-I and II)
The evolutionary history of HMGR is complicated by the split of HMGR into two distinct types that are distantly related to each other (Type I and II). Since the HMGR-I tree of the CPR clade is consistent with the species tree of CPR ( fig. 2) and HMGR-II is completely absent in CPR, the presence of HMGR-I in the common ancestor of CPR is inferred. In contrast, archaea and bacteria possess both types of HMGR. Previously, HMGR enzymes found in archaea were mostly limited to HMGR-I, while bacteria commonly have HMGR-II (Lombard and Moreira 2011) . However, our current study detects numerous HMGR-II homologs in archaea, mainly in the DPANN group, Asgard group and TACK group (supplementary fig. 7, Supplementary Material online) . Thus, a clear distinction between archaea and bacteria no longer exists and both HMGR-I and II may have already been present in the common ancestor of archaea and bacteria, or LUCA ( fig. 6 ). The absence of HMGR-II in CPR may be explained by gene loss in the common ancestor of CPR. Alternatively, LUCA may have possessed only one type of HMGR and subsequent gene duplication and horizontal transfers among archaea and bacteria may have led to the current complex distribution of HMGR types. However, in both HMGR-I and II trees, each domain of life is roughly separated from each other and also the HMGR tree topology partially matches other MVA enzyme trees. Hence, the occurrence of gene duplication and gene transfers is inferred to be ancient, even if they occurred. The evolutionary history of IDI enzymes is similarly complicated by the split of IDI into two nonhomologous types (Type I and II). In CPR, IDI-I is universally distributed, while IDI-II is sparse ( fig. 2) . Hence, it is inferred that IDI-I was present in the common ancestor of CPR, even though IDI-I homologs in CPR do not form a monophyletic clade (supplementary fig. 11 , Supplementary Material online). In contrast, IDI-II is predominant in both bacteria and archaea ( fig. 2) . Thus, as is the case with HMGR, LUCA may have had only one type, followed by enzyme recruitment for the evolution of the other type, or may have had both types with subsequent selective gene loss ( fig. 6 ).
GHMP Family (MVK, PMVK, DPMD, MPD, M3K and MBD)
Although the first three steps of the MVA pathway (AACT, HMGS, and HMGR) are well conserved among all MVA genebearing organisms, the latter steps of the pathway have several variations. These latter steps of the pathway are mostly catalyzed by GHMP family enzymes ( fig. 1 ). Bacteria and eukaryotes possess a common MVA pathway composed of MVK, PMVK, and DPMD (DPMD route), reflecting their shared origin that is distinct from the archaeal MVA pathway. CPR possesses the identical set of GHMP proteins as bacteria and eukaryotes. The only exception in bacteria is Chloroflexi, which has MVK and MPD (MPD route). In archaea, halobacteria also have MVK and MPD, while Thermoplasmata and a few Micarchaeota species have M3K and MBD (M3K route). Sulfolobales and a few other Micarchaeota species carry the eukaryotic version of the MVA pathway (DPMD route). In contrast, no other GHMP proteins, except for MVK, have been discovered in other archaea so far.
The observed variations in the latter part of the MVA pathway suggest a complex evolutionary history for this pathway. While the early part of the MVA pathway (AACT, HMGS, and HMGR) would have been well established in LUCA, the reactions catalyzed by GHMP enzymes may not have been fully developed. Among GHMP enzymes, MVK is unique because it is nearly universally distributed among the three domains of life. The only known exceptions occur in Thermoplasmata and a few Micarchaeota species that instead possess M3K and MBD. However, as discussed earlier, these two enzymes are specific to these taxa, and thus are inferred to be exceptions. Hence, at least one MVK-like enzyme would have existed in LUCA together with the first three enzymes of the MVA pathway ( fig. 6 ). Other GHMP enzymes, PMVK and DPMD homologs, are virtually absent in the archaeal domain, except for a small number of MPD homologs (fig. 4 ). An MPD-like enzyme might have existed in the archaeal common ancestor, but it is inconclusive ( fig. 6 ). In contrast, the presence of PMVK and DPMD in both CPR and bacteria suggests that these two enzymes could have existed in the common ancestor of the bacterial domain ( fig. 6 ). An archaeal order Sulfolobales that forms a sister clade to the eukaryotic clade in the PMVK and DPMD trees was previously inferred to be a sole archaeal taxon that retains the bacterial/eukaryotic MVA pathway (DPMD route) descended from LUCA ( fig. 4) (Boucher et al. 2004; Lombard and Moreira 2011) . However, as discussed earlier, the archaeal and eukaryotic PMVK and DPMD homologs are confined within the bacterial/CPR clade and the horizontal origin of these MVA enzymes is more likely (fig. 6 ).
Evolution of IPK and Archaeal MVA Pathway In our current study, CPR is discovered to possess MVA enzymes for both the bacterial/eukaryotic MVA pathway and the archaeal pathway (blue and red colors; fig. 6 ). The phylogenetic analysis of archaeal AACT and IPK suggests the presence of both enzymes in the common ancestor of CPR and archaea, or LUCA (figs. 3 and 5). These observations imply that the archaeal MVA pathway, or at least the archaeal-type MVA gene set (archaeal AACT, HMGS, HMGR, MVK, IPK, and IDI), may have been present in LUCA ( fig. 6 ), contrary to the previous inference (Lombard and Moreira 2011) . In contrast, it is unclear if the bacterial/eukaryotic-specific MVA genes (PMVK and DPMD) were present in LUCA. As eukaryotic MVA genes are likely to have been derived from bacteria, the evidence for the bacterial/eukaryotic-specific MVA genes can only be traced back to the bacterial common ancestor in our current study.
There are two possibilities to explain the current variations of MVA pathways seen in bacteria/eukaryotes, CPR and archaea. First, LUCA may have possessed both bacterial/eukaryotic and archaeal MVA enzymes (PMVK, DPMD, archaeal AACT, and IPK). CPR is considered to retain this ancestral state. In contrast, bacteria lost two archaea-specific MVA enzymes (archaeal AACT and IPK), while archaea lost two bacteria/eukaryotes-specific enzymes (PMVK and DPMD). MPD homologs in some archaea may be descendants of ancestral DPMD homolog in LUCA. It is not clear which type of MVA pathway worked in LUCA. The bacterial/eukaryotictype and archaeal-type MVA pathways might not have been strictly distinguished and functioned simultaneously. Second, LUCA may have only possessed archaeal MVA enzymes. The common ancestor of bacteria and CPR then acquired PMVK and DPMD and established the bacterial/ eukaryotic MVA pathway. PMVK and DPMD may have evolved by gene duplications of MVK. In this scenario, MPD homologs in archaea may have been horizontally acquired from ancestral bacteria or CPR. Currently, the function of IPK homologs in CPR is uncharacterized. Hence, it is not clear if a functional archaeal MVA pathway is present in modern CPR organisms and was present in the common ancestor of CPR and archaea. Although IPK is not always present in CPR species that possess other MVA enzymes, the synteny of the IPK gene with other MVA genes, particularly with the IDI-I gene is common. The characterization of IPK in CPR would be critical to understand its relationship to other MVA enzymes and to decipher the early evolution of the MVA pathway.
Conclusions
In our current study, the recently discovered superphylum CPR is found to possess a potential MVA pathway. CPR carries enzymes for both the bacterial/eukaryotic-type and the archaeal-type MVA pathways and may retain the characteristics of the ancestral MVA pathway possibly present in LUCA. The modern bacterial/eukaryotic MVA pathway is inferred to have diverged from the CPR lineage. In addition, the MVA pathway in eukaryotes is inferred to have emerged via HGT from bacteria. The first four steps of the MVA pathway are well conserved in both bacteria and archaea and are likely to have already been established in LUCA. In contrast, the later steps catalyzed by GHMP enzymes seem not to have been fully developed in LUCA, reflecting the observed variations in modern bacterial and archaeal MVA pathways. The characterization of a potential MVA pathway in CPR, including the function of enigmatic IPK homologs, could be a key to decipher the early evolution of the MVA pathway.
Materials and Methods

Data Set Construction
Thirteen enzymes known to be involved in the IPP biosynthesis of the MVA pathway were analyzed in this study (AACT, HMGS, HMGR-I, HMGR-II, MVK, PMVK, DPMD, MPD, M3K, MBD, IDI-I, IDI-II, and IPK; fig. 1 ). AACT, the first enzyme in the MVA pathway, was excluded from previous studies as this enzyme is not specific to the isoprenoid biosynthesis (Boucher et al. 2004; Lombard and Moreira 2011) . However, the phylogeny of AACT homologs found in archaea displayed a strong relationship to that of HMGS, so archaeal AACT homologs (archaeal AACT) were also analyzed in this study. In contrast, bacterial and eukaryotic AACT homologs form a distant clade from archaeal AACT. They consist of two groups (thiolase I and II) and only thiolase II is involved in the isoprenoid biosynthesis (Peret o et al. 2005) . Thus, only thiolase II homologs were analyzed. Among the other 12 enzymes, eight enzymes are involved in the MVA pathway found in eukaryotes and bacteria (HMGS, HMGR-I/II, MVK, PMVK, DPMD, and IDI-I/II). However, Type I and II HMGR and Type I and II IDI are functionally equal, respectively. Subsequently, the remaining six enzymes are functionally distinct from each other in the bacterial/eukaryotic MVA pathway. As for archaea, HMGS, HMGR-I/II, MVK, MPD/M3K, IPK, and IDI-I/II are six functionally distinctive enzymes. In our current study, organisms that have at least three homologs out of these six enzymes were included in the data set.
Representative sequences for individual enzymes were identified from GenBank (http://www.ncbi.nlm.nih.gov/); AACT (accession number: NP_002970.2 and AAD34967.1), HMGS (EPX58968.1), HMGR-I (EPX55455.1), HMGR-II (EPX62345.1), MVK (EPX62344.1), PMVK (EPX62342.1), DPMD (EPX62343.1), MPD (ABU57050.1), M3K (CAC12426.1), IDI-I (CAO97285.1), and IDI-II (EPX62346.1). Homologous protein sequences for all MVA enzymes, except for AACT, were retrieved from GenBank, using BLASTp (altschul, 1990) , with the cutoff threshold of <1Â10
À5
. Only for AACT, the cutoff threshold was <1 Â10 À20 as homologs with the E-value of >1Â10 À20 only display a similarity in a very limited region. Sequences with the minimum length of 200 amino acids were collected for most enzymes, except for IDI-I with the minimum lengths of 100 amino acids. At least one homolog from an individual taxonomical family was included in the data set. For some taxa, the distribution of the MEP pathway was compared with that of the MVA pathway. Species with at least three out of seven MEP enzymes (supplementary fig. 1 , Supplementary Material online) were regarded as having a potential MEP pathway and were included in the analysis. Representative sequences for individual enzymes were identified from GenBank: DXS (BAC43863.1), DXR (BAC43938.1), MCT (BAC44069.1), CMK (BAC44823.1), MDS (BAC44812.1), HDS (BAC44727.1), and HDR (BAC43925.1). Sequences with the minimum length of 200 amino acids were collected. Nonbootstrapped phylogenetic trees were constructed first to identify major clusters for each enzyme and to eliminate spurious sequences. Then, a representative sequence from each cluster was used to further investigate homologous sequences within the cluster. Thiolase I and II homologs were clearly identified by this preliminary tree as they formed two distinctive clades, and thus thiolase I homologs were excluded for further analysis as mentioned earlier.
Phylogenetic Analysis
Sequences were aligned using T-Coffee (Notredame et al. 2000) and Muscle (Edgar 2004 ). Based on a preliminary alignment, aberrant sequences were omitted. Irregularly long 5 0 and 3 0 ends and indels were removed when present in only a couple of species, yet indels which seem related to a specific taxonomical clade were retained. In cases where the targeted protein was fused to a different protein, the unrelated protein sequence was identified and removed based on the preliminary alignment. Subsequently, the final alignments were generated. The tree construction was carried out using RAxML v.8.2.10 (Stamatakis 2014) and PhyloBayes v.4.1 (Lartillot et al. 2009 ). The RAxML analysis was performed with the hillclimbing mode using the gamma substitution model. RAxML was used only for preliminary nonbootstrapped trees to identify major clusters for each enzyme. The Bayesian analysis was conducted using both the single substitution model (LGþG) and the profile mixture model (CAT-GTRþG, C40). For each analysis, two chains were run and the convergence was assessed using the bpcomp and tracecomp programs in PhyloBayes. 20% of sampled points were discarded as burnin. The global tree topology for the three domains of life was On the Origin of Isoprenoid Biosynthesis . doi:10.1093/molbev/msy120 broadly identical between the LG model and the CAT model. There are differences in the branching order within individual domains of life, but they do not affect the interpretation of the data. The Bayesian trees based on the CAT model are shown. Similarly, the global tree topology based on the Muscle alignment was nearly identical to the T-Coffee alignment and trees based on T-Coffee alignments are shown. Three different species trees that were recently published (Toft and Andersson 2010; Raymann et al. 2015; Hug et al. 2016) were used as reference species trees.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
